Mammals have nine differentially regulated isoforms of G protein-responsive transmembrane-spanning adenylyl cyclases. We now describe the existence of a distinct class of mammalian adenylyl cyclase that is soluble and insensitive to G protein or Forskolin regulation. Northern analysis indicates the gene encoding soluble adenylyl cyclase (sAC) is preferentially expressed in testis. As purified from rat testis cytosol, the active form of sAC appears to be a fragment derived from the full-length protein, suggesting a proteolytic mechanism for sAC activation. The two presumptive catalytic domains of sAC are closely related to cyanobacterial adenylyl cyclases, providing an evolutionary link between bacterial and mammalian signaling molecules.
Adenylyl cyclase (AC) is the effector molecule of one of the most widely used signal transduction pathways. Its product, cAMP, mediates cellular responses to nutritional conditions and extracellular signals in organisms from prokaryotes to higher eukaryotes. In metazoans, a seemingly ubiquitous membrane-associated AC activity is encoded by a family of transmembrane adenylyl cyclases (tmACs) that mediate cellular responses to external stimuli. In mammals, nine distinct tmAC genes differing in their patterns of expression and regulatory properties have thus far been identified. Their catalytic activities are differentially regulated by G proteins and other signaling molecules in response to stimuli such as hormones and neurotransmitters (1, 2) .
In addition, another type of AC activity had been described in mammals. A soluble enzymatic activity was detected in cytosolic extracts from mammalian testis (3) . Soluble AC activity appeared to be biochemically and chromatographically different from the tmACs and soluble guanylyl cyclases previously described in testis (4) (5) (6) . Unlike the known tmACs, its biochemical activity depended on the divalent cation Mn 2ϩ (3) , was insensitive to G protein regulation (6) , and displayed approximately 10-fold lower affinity for substrate, ATP (K m Ϸ1 mM) (4, 7, 8) than the tmACs (K m Ϸ100 M) (9) . Based on these studies, this soluble form of AC was predicted to be molecularly distinct from tmACs (8, 10) .
A soluble form of AC would define a novel means for generating cAMP and would imply that the second messenger could be generated at a distance from the membrane, closer to its required site of action. However, the molecular evidence confirming that soluble AC represents a distinct form of AC had been lacking. We now describe purification, molecular cloning, and functional expression of the cDNA encoding the soluble form of AC (sAC). The full-length cDNA predicts a protein of 187 kDa, whereas the catalytically active purified form of the enzyme is only 48 kDa, suggesting a proteolytic mechanism of activation for sAC. Two distinct regions within the catalytically active portion of sAC are very similar to catalytic portions of ACs from cyanobacteria and myxobacteria, providing a link between bacterial and mammalian signaling systems.
MATERIALS AND METHODS
Cyclase Assay. In vitro adenylyl cyclase assay was performed as described previously (11, 12) , except that the standard assay conditions for sAC activity included 5 mM MnCl 2 in place of MgCl 2 and contained 5 mM [␣-32 P]ATP (specific activity ϭ Ϸ4 ϫ 10 4 cpm͞nmol). sAC Purification. sAC (Ϸ3 g) was purified from 950 rat testes by sequential column chromatography by using the following scheme (see also Table 1 ): (i) Frozen rat testes (950) (Pel-Freez Biologicals) (in batches consisting of 50 testes) were homogenized and sonicated in 20 mM Tris⅐HCl, pH 7.5, in the presence of DTT and proteinase inhibitors. After debris and nuclei were removed by low-speed centrifugation (3000 ϫ g for 10 min), a high-speed supernatant (Ͼ100,000 ϫ g for 60 min) was prepared. (ii) Total cytosolic protein (52 g) was dialyzed and separated (as 19 equal portions consisting of 50 testes each) over DE-52 cellulose anion exchange columns (Whatman; 80 ml bed volume; 20 mM Tris⅐HCl, pH 7.5) by using a linear NaCl gradient. All sAC activity bound and eluted as one peak between 0.15 to 0.2 M NaCl. (iii) sAC activity recovered from DE-52 (4 g protein divided into 11 aliquots of 8 mls each) was separated by using an Ultrogel AcA54 gel filtration column (LKB; 4 ϫ 100 cm͞20 mM Tris⅐HCl, pH 7.5; flow rate 1.0 ml͞min). sAC activity reproducibly eluted in a single peak with an apparent mass of 50-60 kDa. (iv) All sAC peak fractions from AcA54 gel filtration were pooled (1 g protein) and applied to a reactive Red 120-Agarose column (Sigma; 50 ml bed volume; 20 mM Tris⅐HCl, pH 7.5; linear gradient 0.1-1.0 M NaCl; flow rate 2 ml͞min; 600 ml total). Cyclase activity eluted between 0.45 and 0.55 M NaCl. (v) Active fractions (66 mg protein) were pooled, dialyzed, and applied to a Source Q anion exchange column (Pharmacia; 15 ml bed volume; 20 mM Tris⅐HCl, pH 7.5; linear gradient 0-0.3 M NaCl; flow rate 0.5 ml͞min; 150 ml total). sAC activity eluted between 0.10 and 0.15 M NaCl. (vi) Active fractions (9 mg protein) were pooled, concentrated, and applied to a reactive Green 19-Agarose column (Sigma; 9 ml bed volume; 20 mM Tris⅐HCl, pH 7.5; linear gradient 0.1-1.0 M NaCl; flow rate 0.6 ml͞min; 80 ml total). Cyclase activity eluted between 0.40 and 0.50 M NaCl. (vii) Active fractions (1.8 mg) were pooled, concentrated, and loaded onto a semipreparative HydroCell QA 1000 HPLC The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. (13, 14) from Յ5 g of recovered 48-kDa protein.
Molecular Cloning. Fully degenerate oligonucleotide primers designed to recognize the amino acid sequences of peptides derived from the 48-kDa purified polypeptide (Fig. 2 , double underlined) were synthesized for use in PCR amplification of rat testis first-strand cDNA. A 1-kilobase (kb) PCR fragment was generated that had a single ORF extending throughout its length and that contained sequences corresponding to all three peptides. This 1-kb PCR fragment was used as probe to screen a rat testis cDNA library constructed in our laboratory (Zap, Stratagene). From over 7.5 ϫ 10 5 plaques, we obtained four overlapping cDNA clones. Among these, one represented a complete full-length cDNA clone.
The nucleotide sequence of the full-length cDNA was determined on both strands by dye termination-automated DNA sequencing (Cornell University DNA sequencing Core Facility, Ithaca, NY) and confirmed by comparison to singlestranded sequence determined from at least one other independent cDNA clone.
Sequence and database searching was performed on-line by means of BLAST Heterologous Expression. The full-length and truncated sAC cDNAs were expressed from the library vector (pBK-CMV) under the control of the cytomegalovirus promoter after deletion of the intervening bacterial promoter sequences (as an NheI -SpeI fragment). The truncated sAC cDNA represents a library clone that was missing an exon. The resultant protein shifted reading frame after valine469 (Fig. 2, underline), introducing two incorrect amino acids (serine and cysteine) followed by a stop codon. Expression constructs were transiently introduced into HEK293 by lipofectamine-(Life Technologies, Grand Island, NY) mediated transfection. One or two days after transfection, cells were harvested, resuspended in lysis buffer [50 mM Tris⅐HCl, pH 7.5͞1 mM EDTA͞1 mM DTT͞0.1 mg͞ml Leupeptin͞1 mM phenylmethylsulfonyl fluoride] and disrupted by microtip probe sonication on ice. Whole-cell sonicates were ultramicrocentrifuged at Ͼ100,000 ϫ g for 10 minutes. Supernatants were cleared by a second centrifugation to yield 'cytosolic' extracts. Pellets were resuspended in lysis buffer by passage through a 27.5-gauge needle to generate 'particulate fraction.'
RESULTS

Purification of sAC.
We first confirmed the presence of Mn 2ϩ -dependent AC activity in cytosolic extracts from frozen rat testis. The soluble enzymatic activity we detected was unresponsive to either forskolin or the nonhydrolyzable GTP analogue, GTP␥S, two general tmAC activators, and it displayed a K m for ATP of 1.2 mM in the presence of MnCl 2 (data not shown). These data indicate we were assaying the previously described soluble AC (8) .
We purified sAC activity using a combination of classical chromatographic methods (Table 1) and identified a 48-kDa candidate protein band (Fig. 1) . The final chromatographic separation (step viii; analytical QA 1,000 HPLC) achieved greater than 60-fold enrichment (Table 1 , fraction #18) even though it used the identical QA anion exchange matrix as the HPLC column preceding it (step vii; semipreparative QA 1,000 HPLC). By varying the buffer pH (pH ϭ 7.4 for the semipreparative QA vs. pH ϭ 6.8 for the analytical QA), sAC activity eluted before the majority of contaminating proteins during this final chromatographic separation.
A silver-stained 12% SDS͞PAGE gel of the active fractions from the final chromatographic step of the purification revealed two protein bands (of approximately 48 and 62 kDa) whose intensities coeluted with enzyme activity (Fig. 1) . During pilot purification studies, analytical gel filtration of partially purified cytosol predicted sAC to be 45-55 kDa (data not shown), suggesting the more likely candidate was the 48-kDa protein. We initially attempted to clone cDNAs corresponding to both polypeptides; unfortunately, peptide sequences derived from the 62-kDa species were insufficient to permit its molecular isolation. The limited amino acid sequence information we did obtain from this polypeptide reveal it is completely unrelated to the sAC gene.
Cloning of sAC. The amino acid sequences of three tryptic peptides derived from the 48-kDa candidate polypeptide were not present in the databases of known proteins, indicating it represented a novel protein. The cDNA encoding this polypeptide was isolated by PCR followed by screening a rat testis cDNA library. All isolated cDNAs appeared to derive from one transcript whose nucleotide sequence revealed a single long ORF predicting a protein of 187 kDa (Fig. 2) , which is significantly larger than the size (48 kDa) estimated by SDS͞ PAGE of the purified sAC protein (Fig. 1) . The peptides derived from the 48-kDa purified polypeptide reside completely within the amino terminal portion of the full-length protein (Fig. 2, double underline) , suggesting the purified polypeptide represents a proteolytically processed active form of the protein.
Comparison of this ORF with known protein sequences revealed two distinct regions of the putative sAC protein that display significant amino acid homology to various adenylyl cyclase catalytic domains (Fig. 2, bold type) . Both sAC domains, C1 and C2, reside within its amino terminal 50 kDa and are therefore likely to be contained within the purified catalytically active processed form. The most closely related protein sequences in GenBank are the catalytic domains from a number of different cyanobacterial (Anabaena spirulensis cyaB1, cyaB2, and cyaA; and Spirulina platensis cyaC) and myxobacterial (Stigmatella aurantiaca cyaA and cyaB) adenylyl cyclases (Fig. 3A) . These species have multiple AC genes with each isoform having a single catalytic domain. Interestingly, the catalytic domain of one AC isoform in each bacterial species is more similar to C1, whereas the catalytic domain of a second isoform from that species more closely resembles C2. This and the fact that C1 and C2 are not very similar to each other may suggest that during its evolution, mammalian sAC resulted from a fusion of distinct bacterial proteins rather than through duplication of a single catalytic domain.
There is also significant similarity between the two presumptive sAC catalytic domains and other AC catalytic domains. Alignment of C1 and C2 with the catalytic domains from related bacterial ACs, yeast ACs, Dictyostelium tmACs, and representative mammalian tmACs (Fig. 3B ) reveals that sAC C1 and C2 are more closely related to the catalytic portions of bacterial ACs than to the catalytic domains of any other cyclases. This similarity provides an evolutionary link between bacterial and mammalian signaling systems and suggests that the C1 and C2 catalytic domains in mammalian sAC are likely to have evolved independently from those in eukaryotic tmACs (C 1a and C 2a ).
The C-terminal portion beyond the AC homologous regions revealed no significant homology to any known protein in the databases, and the hydropathy profile of the full-length protein indicated no obvious potential transmembrane-spanning domains. Sequences that could represent a nucleotide-binding P Loop (Fig. 2, dotted underline) or that could form a leucine zipper interacting domain (Fig. 2, single underline) were detected within the region unrelated to the AC catalytic domains; however, the physiological significance of these sequence motifs in sAC is not yet known. sAC Appears to Be a Single Copy Gene. Southern hybridization to rat genomic DNA, along with numerous database searches, indicates the presumptive sAC gene does not appear to be the progenitor of a gene family of sAC-like molecules in mammals. A sAC coding sequence probe hybridized at high and low stringency to parallel rat genomic Southern blots recognized identical genomic fragments (Fig. 4A) , indicating the lack of closely related sequences in the genome. Additionally, we have identified the corresponding human and mouse sAC genes by database searches and reverse transcription-PCR (RT-PCR), respectively (data not shown). The human sAC locus has been sequenced as part of the Genome Project. It is encoded by more than 30 exons that are spread across two overlapping PAC (P1-derived artificial chromosome) clones mapping to 1q24.
sAC Is Preferentially Expressed in Testis. In mammals, soluble AC activity had been detected only in testis (3, 4, 8) . Northern analysis of a limited number of tissues indicates expression of the presumptive sAC gene is detectable only in testis (Fig. 4B) , supporting the previously determined biochemical restriction. However, sAC can be detected in other tissues by RT-PCR (M.L.S., M. Mattia, J.B., and L.R.L., unpublished observations).
Heterologous Expression and Activity. To confirm that the gene we isolated encodes an adenylyl cyclase, we heterologously expressed the full-length cDNA in HEK293 cells. Vector-transfected cells had no detectable soluble and very little unstimulated particulate AC activities. In contrast, cells transfected with the full-length sAC gene displayed substantial Mn 2ϩ -dependent soluble AC activity (Fig. 5A Left) . Mn 2ϩ -dependent activity was also elevated in the particulate fraction from transfected cell sonicates. It is possible that this particulate activity accounts for the membrane-associated sAC-like enzymatic activity previously described in mammalian sperm (3) .
Because the sAC polypeptide purified from rat testis was approximately 48 kDa ( Fig. 1) , we sought to determine whether a truncated version of sAC retained catalytic activity. An expression construct consisting of the amino terminal 53 kDa of sAC (Fig. 2) encompassing both presumptive catalytic domains was fully active, displaying an extremely high level of Mn 2ϩ -dependent soluble AC activity (Fig. 5A Right) . Therefore, the sAC purified from rat testis cytosol very likely represents a proteolytically processed form resembling this N-terminal truncation. The extremely high level of cytosolic activity in cells expressing the truncated form compared with those expressing the full-length protein is consistent with processing being required for catalytic activity; the activity in cells transfected with full-length sAC may be limited by the availability of activating enzymes.
When originally detected, testis sAC was thought to be molecularly distinct from the tmACs because it appeared to be insensitive to G protein and forskolin regulation (8) . We initially confirmed these results in partially purified testis cytosol; however, the probable lack of G proteins in these soluble extracts makes their interpretation problematic. Therefore, we examined whether heterologously expressed sAC responded to these known stimulators of tmAC activity. When assayed in whole-cell sonicates from transfected HEK293 cells, which should contain the full complement of endogenous G proteins, both full-length and truncated forms of sAC were completely insensitive to forskolin and to the nonspecific G protein activator, GTP␥S (Fig. 5B) .
DISCUSSION
In this report, we demonstrate the existence of a unique signaling molecule in mammals. The sAC gene we have identified in rat, mouse, and human encodes a cytosolic form of adenylyl cyclase that is distinct from the previously characterized mammalian tmACs. Not only is sAC not a transmembrane protein, but its catalytic domains are more closely related to the catalytic portions of bacterial ACs than they are to the catalytic domains of any other eukaryotic cyclase. In contrast, the mammalian tmACs, which are distantly related to these bacterial ACs and sAC, more closely resemble other invertebrate (Drosophila) and lower eukaryotic (Dictyostelium) ACs. Computational methods at our disposal did not reveal a one-to-one relationship between the catalytic domains of sAC (C1 and C2) and those of the tmACs (C 1a and C 2a ). However, each catalytic domain in sAC shows greater similarity to a different AC within individual cyanobacterial and myxobacterial species, implying that sAC represents an evolutionary fusion of distinct bacterial enzymes. sAC can also be distinguished from the tmACs by its biochemical regulation. Unlike tmACs, sAC is insensitive to G protein and forskolin modulation, and its in vitro catalytic activity depends on the divalent cation Mn 2ϩ . Additionally, sAC requires higher concentrations of ATP than the tmACs. This decreased affinity for substrate may reflect a specialization because of its physiological role. Biochemical (3, 10) and molecular ( Fig. 4B ) evidence indicate sAC is preferentially expressed in testis and is very likely in post-meiotic germ cells (6, 16, 17) where the very high endogenous ATP concentration would support sAC activity. With its molecular isolation and functional heterologous expression, we now have the necessary tools to explore the biochemical regulation of sAC activity and ultimately determine its biological role.
Also unlike tmACs, sAC contains a consensus P loop or nucleotide binding sequence. However, this region is not contained within the heterologously expressed active truncation and is therefore not necessary for catalytic activity. Whether this region binds nucleotide, perhaps as a modulatory mechanism reminiscent of the membrane guanylyl cyclases (18, 19) , remains to be determined. Also in the C-terminal portion of sAC not required for cyclase activity is a potential leucine zipper or coiled-coiled interaction domain of unknown significance. It is intriguing to speculate that this region serves as a protein-protein interaction domain, possibly tethering sAC to the cytoskeleton at specific locations within the cell.
The N-terminal 50 kDa of sAC is sufficient for enzymatic activity and approximately corresponds to the size of the protein purified from rat testis cytosol. Because all the cDNAs isolated from rat testis fell into a single class encoding the 187-kDa polypeptide, the 48-kDa purified protein should result from posttranslational cleavage. Truncating the sAC gene increased cyclase activity 10-20 fold in tissue culture cells, suggesting that the shorter molecule approximates an activated form. In fact, the full-length protein may not have measurable cyclase activity; the activity detected in cells transfected with the full-length cDNA could result from a cleaved molecule. If true, the cyclase activity in full-length sAC transfected cells would be limited by the availability of a posttranslational processing mechanism. Regardless of the relative activity of the full-length protein, it remains to be determined whether the proteolytic cleavage of sAC in testis cytosol represents a physiologically relevant maturation from a precursor protein or a fortuitous degradation caused by experimental manipulation.
Its restricted localization suggests sAC contributes to male fertility. Sperm functions thought to be mediated by cAMP (reviewed in ref. 20) include maturation, motility, and the acrosome reaction. Multiple tmACs are known to be expressed in testis, but sAC provides the intriguing ability to generate cAMP precisely where it is needed in the cytoplasm. Two distinct cAMP-dependent protein kinase anchoring proteins (AKAPs) localize to the sperm flagellum, one to the mitochondrial sheath (21) and the other to the fibrous sheath (22) . Unlike plasma membrane-localized tmACs, cytosolic sAC could generate second messenger directly at the site of these AKAP-localized cAMP-dependent protein kinases.
Given the ubiquitous nature of the tmACs, it is very likely that some cells in the testis express both transmembrane and cytosolic forms of adenylyl cyclase. It is possible that cAMP generated by sAC and by the tmACs could cooperate in modulating a single signal or could propagate separate signals. Furthermore, the activities of the G protein-responsive tmACs and sAC are regulated by distinct mechanisms, but it will be interesting to examine whether the cAMP they generate modulates distinct effectors. For example, would cytoplasmically generated cAMP activate membrane spanning cyclicnucleotide gated ion channels? Whereas much remains to be determined about its biochemistry and biological function, sAC clearly defines a novel means for generating cAMP. Models describing cAMP signaling in mammalian cells include only membrane proximal generation of the second messenger. Because its major effector can be anchored at various places in the cell by AKAP proteins (reviewed in ref. 23 ), cAMP must diffuse through the cytoplasm to propagate its signal. However, recent suggestions that signal transduction occurs in microdomains seem to contradict this theory. We now demonstrate that cAMP can be synthesized anywhere in the cytosol by the soluble form of adenylyl cyclase, removing the membrane-proximal limitation on cAMP generation and revealing new aspects of what was previously thought to be a very well characterized signaling pathway.
